The retinoblastoma tumor suppressor protein pRB is conventionally regarded as an inhibitor of the E2F family of transcription factors. Conversely, pRB is also recognized as an activator of tissue-specific gene expression along various lineages including osteoblastogenesis. During osteoblast differentiation, pRB directly targets Alpl and Bglap, which encode the major markers of osteogenesis, alkaline phosphatase and osteocalcin. Surprisingly, p130 and repressor E2Fs were recently found to co-occupy and repress Alpl and Bglap in proliferating osteoblast precursors prior to differentiation. This raises the further question of whether these genes convert to E2F activation targets when differentiation begins, which would constitute a remarkable situation wherein pRB and E2F would be co-targeting genes for Mechanistically, promoter occupation by E2F1 and pRB is mutually dependent, and without this cooperative effect, activation steps previously shown to be dependent on pRB, including recruitment of RNA polymerase II, are impaired. Myocyte and adipocyte specific genes are also co-targeted by E2F1 and pRB during differentiation along their respective lineages. The finding that pRB and E2F1 cooperate to activate expression of tissue-specific genes is a paradigm distinct from the classical concept of pRB as an inhibitor of E2F1, but is consistent with the observed roles of these proteins in physiological models.
͵

Introduction
The retinoblastoma tumor suppressor protein pRB is conventionally regarded as an inhibitor of the cell cycle promoting activity of the E2F family of transcription factors. The E2F family includes members that are predominantly activating, in particular E2F1, E2F2, and E2F3, or predominantly repressing, particularly E2F4 and E2F5 (reviewed in 1-2). E2F family members interact directly with pRB and its close relatives p107 and p130. In these pairings, p130 cooperates with repressor E2Fs to occupy and repress the promoters of cell cycle genes in G0, while pRB interacts preferentially with activator E2Fs (3).
However, the consequences of the pRB interaction are not entirely clear, with evidence supporting alternative models of pRB-mediated repression enacted either directly at the promoters of E2F targets, or remotely (discussed in 2,4-5). Conversely, pRB is recognized as an activator of tissue-specific gene expression in various differentiation programs including myogenesis, adipogenesis, osteogenesis and neurogenesis (reviewed in [6] [7] [8] [9] [10] [11] . During osteoblast differentiation pRB is readily detected on the activated promoters of the Alpl and Bglap genes, which encode the major markers of osteoblast differentiation, i.e. alkaline phosphatase and osteocalcin, and pRB is required for efficient induction of these genes (12) (13) (14) (15) (16) (17) .
In osteoblasts particularly, appreciation is growing that the pivotal physiological role of pRB may lie in its requirement as an activator of tissue-specific genes (17) (18) (19) (20) . This function of pRB has not previously been linked directly with E2F-mediated activation however.
In growth-arrested cells, p130 and repressor E2Fs occupy cell cycle regulated promoters as part of a multiprotein repressor complex termed DREAM (21) . Recent findings revealed that p130 and repressor E2Fs also co-target Alpl and Bglap in proliferating osteoblast precursors prior to differentiation while these tissue-specific genes still await expression (22) . This surprising identification of Alpl and Bglap as E2F repression targets raises the question of whether they convert to E2F activation targets when differentiation begins. If so, that would constitute a remarkable situation where pRB and E2F would be co-targeting genes Ͷ for activation. This possibility has at least one precedent, seen in proliferating cells undergoing DNA damage, where pRB and E2F1 cooperate to activate expression of apoptotic genes (23) .
Occupation of Alpl and Bglap by activator E2Fs was evaluated here by chromatin immunoprecipitation (ChIP) analysis in an osteoblast differentiation model. The results show these genes are indeed targeted by an activator E2F, in particular E2F1, and that promoter occupation by E2F1 occurs specifically during activation. Moreover, E2F1 plays an essential role in activation, as induction of Alpl and Bglap is severely impaired in E2F1-depleted cells even though other transcriptional activators also target these promoters. Mechanistically, this is explained by the finding that promoter occupation by E2F1 and pRB is mutually dependent. Without this cooperative effect, a series of activation events known to be dependent on pRB, including ultimately the recruitment of RNA polymerase II, is impaired. The finding that pRB and E2F1 cooperate to activate expression of tissue-specific genes in terminally differentiating cells is a new paradigm distinct from the classical concept of pRB as an inhibitor of E2F1, but is consistent with the observed roles of these proteins in physiological models.
Results
Alpl and Bglap are co-targeted by E2F1 and pRB during activation.
Osteoblast-specific gene expression can be studied in MC3T3-E1 cells, which are cell culture adapted, non-transformed precursor cells committed to the osteoblast lineage but not yet differentiated.
When stimulated by bone anabolic agents, they undergo terminal differentiation in a tightly synchronized program lasting more than two weeks (26) . Induction of alkaline phosphatase (Alpl) is an early stage event, coordinated closely with differentiation-associated cell cycle arrest, while induction of osteocalcin (Bglap) peaks later, marking the onset of the mineralization stage (Fig. 1A) . The Bglap promoter is tightly regulated and well characterized (reviewed in 31). In contrast, while induction of alkaline phosphatase is the major clinical marker of osteoblast differentiation, the Alpl promoter has not been well characterized in terms of direct occupation by transcriptional activators. Notably though, efficient induction of alkaline phosphatase, like osteocalcin, is dependent on pRB, which targets both promoters directly (13) (14) 17) . Alpl is targeted by RUNX2 (30) , and the presence of canonical Sp1 binding sites near the transcriptional start of Alpl (32) suggests Sp1 targets Alpl as well. Both factors have been reported on the osteocalcin promoter (13, 15, 28, 33) . We were particularly interested in the possibility that activator E2Fs might target these promoters during differentiation, due to recent findings that they are targeted by p130 and repressor E2Fs prior to differentiation (22) .
ChIP assays here show Alpl is targeted by Sp1 along with RUNX2 coincident with the onset of differentiation ( Figure 1B, lanes 6 and 7) . Parallel probes for activating E2Fs identify Alpl as an E2F1 target as well (lane 3), and show E2F1 occupying the promoter with similar dynamics as RUNX2 and Sp1.
Neither E2F2 nor E2F3 was detected. Association of the activators is concordant with promoter occupation by pRB (lane 10). An analogous probe of Bglap (Fig. 1C) re-affirms the constitutive presence of RUNX2 (lane 8) described previously in these cells (28) , and confirms the recruitment of Sp1 (lane 9) reported in related systems (33) . Most significantly, the ChIP assay identifies Bglap as another target of E2F1 (lane ͺ 3), which again occupies the promoter specifically during activation, and with dynamics similar to Sp1 and pRB. Occupation of the Bglap promoter by Sp1, E2F1, and pRB occurs later than on Alpl, consistent with the relative peak activation times of the respective genes. The difficulty in detecting pRB on repressed E2F targets in cell cycle studies is sometimes attributed to the nature of available antibodies (discussed in 5), but pRB occupation signals are robust on the E2F1 activation targets.
pRB and E2F1 co-target myoblast and adipocyte differentiation markers during activation.
Co-targeting of induced tissue-specific genes by pRB and E2F1 may be a more general phenomenon, given that genome-wide approaches show E2F1 targets a much wider range of genes than those involved in cell cycle progression (34) (35) (36) . If E2F1 is a general activator, there is potential for cotargeting in any cell system where pRB is a co-activator, such as myoblasts and adipocytes. The genes most closely linked with pRB-mediated activation in these systems are C/EBPα in adipocytes and myosin heavy chain (MHC) in myoblasts (37;38) . Probing C/EBPα in differentiating 3T3-L1 cells shows cooccupation by pRB and E2F1 specifically on the active promoter, defined by the presence of RNA polymerase II and by up-regulated expression (Fig. 1D) . The MHC promoter was probed in C3H/10T1/2 cells induced to differentiate along the myoblast lineage. ChIP assays again show co-occupation by pRB and E2F1, correlating with occupation by RNA polymerase II and activated expression monitored by qRT-PCR (Fig. 1E) . Neither E2F2 nor E2F3 was detected, consistent with the pattern seen on the osteogenic markers. Analysis of the cdc2 and cyclin B2 promoters in proliferating C3H/10T1/2 cells provides a positive control for the E2F2 and E2F3 immune complexes. The E2F proteins have a range of targets in these systems (e.g. [39] [40] , while pRB targets a specific subset of key differentiation markers. The result is cotargeting of key tissue-specific genes by pRB and E2F1 during activation, which is readily detectable in at least the osteoblast, adipocyte, and myoblast differentiation programs.
ͻ Stable E2F1 occupation of osteogenic genes is pRB-dependent.
Osteoblast models have particular physiological relevance for pRB function because of the strong association between human germ-line mutation of Rb1 and osteosarcoma (41) . pRB is recognized for its role in the enhanced recruitment of certain transcription factors to osteogenic genes, but a role regarding E2F1 recruitment during activation of tissue specific genes would be a novel paradigm. This activity was probed in an MC3T3-E1 derived cell line stably expressing an shRNA sequence targeting pRB. These cells were described previously and show severely impaired activation of Alpl and Bglap (17) . ChIP analysis here shows E2F1, RUNX2 and Sp1 all fail to bind the Alpl promoter detectably in the pRBdepleted cells ( Fig. 2A, lanes 3 through 5) . The occupation pattern on Bglap likewise shows E2F1 and Sp1 promoter occupation dependent on pRB (Fig. 2B , lanes 3 and 5) (constitutive binding of RUNX2 on Bglap was discussed above). Expression of pRB in these cells is compared with other expression profiles in Figure 3 , below. The conclusion that pRB facilitates binding of specific transcription factors is consistent with earlier reports regarding RUNX2 (13,16) and Sp1 (42) . However, the finding that pRB plays a similar role in enhancing promoter occupation of tissue-specific genes by E2F1 is novel.
Prior to differentiation, p130 and repressor E2Fs occupy the Alpl and Bglap promoters in osteoblast precursors; depletion of p130 results in dissociation of the E2F4/5 repressor E2Fs from both promoters, and is sufficient to permit pRB occupancy and constitutively up-regulated expression of the early marker Alpl, but not the late-stage marker Bglap (22) . ChIP assays here show occupation by E2F1 parallels pRB in the p130-deficient cells in the absence of a differentiation signal ( Fig. 2C and 2D ). E2F1 constitutively occupies the promoter of the early marker Alpl along with pRB, Sp1, RUNX2 and RNA polymerase II, but is not detected on the promoter of the late-stage marker Bglap in the non-induced cells. Promoter occupation by pRB and E2F1 is thus closely related to, but not necessarily an automatic consequence of dissociation of the p130 and E2F4/5 repressor complexes.
ͳͲ
E2F1 is required for efficient activation of osteogenic promoters.
The promoter occupation dynamics imply that E2F1 plays an activating role in Alpl and Bglap expression, but do not show this directly. To test the functional contribution of E2F1, a stable cell line expressing an E2F1-targeting shRNA was derived from the osteoblast precursors. Expression of E2F1 increases a few-fold post-differentiation in the parental cells as they undergo differentiation-associated cell cycle arrest (Fig. 3A , day 7 vs day 0), consistent with E2F1 continuing to play a significant role even when the cells are no longer cycling. E2F1 mRNA levels are not completely ablated in the shRNA expressing line (E2F1_KD), but are reduced below 50% of normal. E2F1 expression is at or above normal levels in pRB-deficient cells analyzed in parallel, so the lack of E2F1 on target promoters in Fig. 2 is not due to impaired expression. The biological effect of E2F1 depletion was assessed by monitoring alkaline phosphatase activity in an in situ colorimetric assay (Fig. 3B) . Activity increases detectably in parental cells by day three of differentiation, and peaks by day seven to ten, while the E2F1-depleted cells show markedly less enzyme activity. Directly comparing the effect of depleting E2F1 vs pRB (Fig. 3C) shows E2F1 depletion does not affect pRB expression, but impedes expression of the tissue specific genes to a similar extent as pRB depletion. Induction of Alpl and Bglap (osteocalcin) is profoundly impaired in both genetic backgrounds. Taken together, the results show E2F1 is recruited to the Alpl and Bglap promoters dependent on pRB, and plays a significant role in activation of their expression. The requirement for E2F1 is relatively specific; the related E2F family members E2F2 and E2F3 were not detected on the promoter, and seem unable to compensate for E2F1 deficiency in the activation of these specific target genes.
Specificity within the E2F 1-3 subgroup in regard to transcriptional activation targets has been observed in other systems as well, although mouse models suggest that more functional overlap occurs in long-term development models (36, 40, 43) . A converse requirement can be seen in the E2F1-depleted cells where ChIP assays show pRB association with both promoters is sharply impaired (Fig. 4A compared with Figs. 1B and 1C ) although pRB levels remain constant (Fig. 4B) . To determine whether this mutual dependence is key to pRB transcriptional activation functions, events known to require pRB were probed in further ChIP assays. These reveal that Alpl occupation by RUNX2 and Sp1 also depends on E2F1 (Fig. 4C lanes 4 and 5) , as does Bglap occupation by Sp1 (Fig. 4C lane 10) . Thus, deficiency of E2F1 has the extended effect of impairing occupation by other, unrelated, transcriptional activators. Direct binding between E2F1 and Sp1 has been reported for cooperative activation of a cell cycle related gene (44) . The concept of a facilitating network of promoter-occupying factors is broadened here, with pRB and E2F1 mutually required for promoter access by various other transactivators. pRB is also required for recruitment of chromatin-remodeling complexes that facilitate RNA polymerase II (RNA pol II) association with Alpl (17) . Extending this analysis to Bglap (Fig. 4D) shows a similar requirement for pRB in RNA Pol II occupation (lane 6). RNA Pol II recruitment at both promoters is likewise dependent on E2F1 (lanes 3 and 6) . The requirement for E2F1 to cooperate with pRB in activation events that include recruitment of other transcriptional activators and the basal transcription machinery helps explain how expression of Alpl and Bglap is so profoundly impaired in E2F1-depleted cells even though E2F1 is not the only transcription factor that targets these promoters.
The promoter dynamics indicate a specific transition from occupation by p130 and repressor E2Fs to occupation by pRB and E2F1. For the early marker Alpl, depletion of p130 is sufficient to propel the transition without the late-stage signals required to initiate activation of Bglap (Fig. 2C) , thus providing an accessible system for further mechanistic analysis. Dissociation of the BRM-containing SWI/SNF repressor complex from Alpl is independent of pRB (17 and Fig. 5A, lane 11) . A mechanism of pRB-dependent displacement of p130 is conceivable, but is excluded here by the ChIP dynamics showing successful dissociation of p130 along with E2F4/E2F5 in pRB-depleted cells (Fig. 5A, lanes 4,6,7 
ͳʹ promoter repression by p130 and E2F4/5 can involve a larger complex termed DREAM, similar to the configuration seen on cell cycle specific genes, in which p130 and E2F4/5 are stably associated with a module of the development-regulating LIN complex (21, 22) . Monitoring of the key LIN complex components, LIN9 and RBBP4, shows their expected dissociation along with p130 (Fig. 5A, lanes 9,10) .
Monitoring of HDAC1 further affirms the general dissociation of repressor complexes (Fig. 5A, lane 8) .
Similar dynamics are seen in the E2F1-depleted cells, where dissociation of p130, E2F4/5, LIN9, RBBP4, and BRM also proceeds normally (Fig. 5B) . Thus the mechanism of p130 and E2F4/5 dissociation does not require direct competition from either pRB or E2F1.
Further insight into the transition mechanism comes from considering the role of the co-activating histone acetyltransferase p300. p300 (but not the closely related protein CBP) moves onto the Alpl promoter during activation (seen in Fig. 5A , lane 5) and is implicated in dissociation of the repressors.
Compromising p300 family function by expression of a specific Adenovirus E1A variant sharply impairs expression of Alpl, and impedes dissociation of BRM-SWI/SNF while permitting p130 to dissociate successfully, and permitting pRB to occupy the promoter simultaneously with E2F4/5 (17,22; also seen in Fig. 5C, lanes 3,4,6,11,12,15 ). Further analysis here reveals that activation stalls at this step in p300-compromised cells without recruitment of E2F1, Sp1 or RUNX2 (lanes 10, 13, 14) . This intermediate step apparently transitions rapidly in a wild-type genetic background, but is distinguished by the requirement for a discrete function necessary to dissociate BRM-SWI/SNF and E2F4/5. The latter step fails when the p300 family is compromised, so by implication may involve acetylation of one or more targets. Given that stable association of pRB is not seen in E2F1-depleted cells, we can infer that pRB dissociates along with E2F4/5, then returns in concert with E2F1 to enable subsequent activation steps. pRB is not necessary for dissociation of E2F4/5 and BRM-SWI/SNF, so presumably enacts some other function(s) at this point, which likely includes dissociation of the KDM5A demethylase. KDM5A (aliases: JARID1A or RBP2) specifically removes a methyl group from di-or tri-methylated H3K4 to maintain a repression signal at targeted promoters. KDM5A is removed from osteogenic promoters in a pRB-dependent manner (14) , ͳ͵ presumably prior to recruitment of p300 because KDM5A dissociation from Alpl is not impaired in p300-compromised cells (17) . Exclusion of KDM5A is dependent on E2F1, however, (Fig 5D, lane 5) , likely because a continued presence of pRB at the promoter is required to maintain dissociation of KDM5A.
Ultimately, recruitment of RNA polymerase II is dependent on BRG1-containing SWI/SNF, whose recruitment in turn depends on pRB (17) . If recruitment of BRG1-SWI/SNF requires the direct presence of pRB at the promoter, it would presumably depend on E2F1 as well. This is confirmed here in the E2F1-depleted cells (Fig. 6A, lane 7) . Promoter occupation by pRB is unimpaired in BRG1-depleted cells, so mechanistically pRB occupation precedes recruitment of BRG1-SWI/SNF (17) . Probes here show E2F1, RUNX2 and Sp1, likewise, all occupy the promoter successfully in a BRG1-deficient background (Fig. 6A,   lanes 3,6,7) , indicating that BRG1-dependent chromatin remodeling is not a prerequisite for DNA access by these factors. The role of SWI/SNF with respect to these factors on Alpl is essentially a negative one in which they are actively excluded by BRM-SWI/SNF acting coordinately with p130-associated complexes.
Depletion of either BRM or p130 results in constitutive activation of Alpl expression (22) , and binding of E2F1, Sp1 and RUNX2 occurs constitutively on Alpl in p130-depleted cells in a p300-competent background (Fig. 2C) . Similarly E2F1, Sp1 and RUNX2 occupy the promoter constitutively (day 0) in BRMdepleted cells (Fig. 6B, lanes 3,6,7) , confirming the required role of BRM-SWI/SNF in excluding these factors prior to induction.
A schematic of the transition from Alpl repression to activation is shown in pRB is thought to access tissue-specific promoters primarily through its ability to bind to certain transcriptional activators including RUNX2 and Sp1, but on key promoters these factors cannot provide efficient promoter access for pRB in an E2F1-depleted background. Far from repressing E2F1-mediated transactivation of co-targeted genes during differentiation, pRB facilitates E2F1 access to key promoters where pRB plays an essential co-activator role. While this paradigm contrasts with the conventional concept of pRB as an inhibitor of E2F1, it is concordant with two converging lines of evidence: the findings in multiple labs that pRB acts directly to up-regulate tissue-specific gene expression in various cell types (8) (9) (10) (11) (12) (13) (14) (15) , and the recognition that the transcriptional activation functions of E2F1 extend in some cases to tissue specific genes during terminal differentiation (34) (35) (36) .
Co-operation between pRB and E2F1 for transcriptional activation is not without precedent.
Complexes containing E2F1 and pRB form in proliferating cells following DNA damage and participate in the activation of pro-apoptotic genes (23) . It now appears cooperation between pRB and E2F1 for activation may be a fairly common phenomenon that occurs in normally differentiating cells, at least in the mesenchymal stem cell derived lineages examined here, even as they undergo differentiation-associated cell cycle arrest and repression of E2F1-mediated cell cycle functions.
The combination of ChIP assays and genetics applied here gives a powerful view of protein occupation patterns on endogenous promoters, and of their relative timing and order of dependence. All of the factors considered here have been identified in pull-down assays with multiple others, and such interactions may play a role during recruitment whether or not they are maintained once the promoter is accessed. The key mechanistic information comes from the ChIP assays whose exceptional advantage lies in revealing the dynamics of assembly at a specific promoter, and providing a functional readout for genetic approaches. While pRB and E2F1 have the ability to interact directly, the high-affinity interaction seen in pull-down assays is unlikely to be required for the co-activation function seen here. Naturally occurring pRB mutants identified in low-penetrance retinoblastoma retain the ability to promote differentiation even though defective for E2F binding in electromobility-shift assays (46) . The reduced ͳ tumor susceptibility associated with these pRB variants supports the idea that promoting differentiation is a fundamental part of the pRB tumor suppressor role, while their existence indicates that stable interaction with E2F1 is not essential for pRB-dependent activation of tissue-specific genes. E2F1 mutants are consistent with this conclusion. Mutation analysis of E2F1 indicates that no individual protein interaction domain is a key determinant for E2F1 binding to most of its target sites in the genome (47) . Cooperation between E2F1 and pRB may require only a transient or indirect interaction, possibly bridged by mutual binding partners such as Sp1 (42, 44) , and SWI/SNF, which co-precipitates with E2F1, E2F4 and E2F5 (48) , as well as pRB (10), or assisted by other pRB binding partners that occupy the promoter with similar dynamics. Whether or not direct interaction is strictly essential, the mutual dependence of E2F1 and pRB for promoter occupation and association of transactivators including RNA polymerase-II shows they have a cooperative activation function, and that their co-occupation of target promoters is not simply fortuitous.
During differentiation, pRB is subject to acetylation and/or methylation at sites near the C-terminus, and the integrity of the modification sites is important for the differentiation function of pRB (9) . The modifications impede interaction with E2F1 in some contexts (3, 9, 49) , consistent with the earlier evidence that E2F1 pull down activity is not essential for pRB-dependent activation of tissue-specific genes (46) .
Whether the modifications favor other activities of pRB in the differentiation process is an intriguing question for future studies.
Deficiency of E2F1 is linked with tumor susceptibility (50) , a finding at odds with the classical role of E2F1 as a driver of cell cycle specific gene expression, but possibly explained by the wider roles of E2F1 in regulating apoptosis and/or the DNA damage response. The studies presented here suggest it may also derive from a fundamental role for E2F1 in cooperating with pRB to promote terminal differentiation. Promoter occupation by E2F1 in pRB-depleted or p130-depleted cells.
A. ChIP analysis of the Alpl promoter in pRB-depleted cells shows impaired recruitment of E2F1, RUNX2, and Sp1 (compare with Figure 1B ). The Alpl expression pattern is shown in Figure 3C .
B. ChIP analysis of Bglap in the pRB-depleted background shows impaired recruitment of E2F1 and Sp1
(compare with Figure 1C) . Bglap expression is shown in Figure 3C . 
C. ChIP analysis of
ʹͶ
